We investigate the effect of Ni-substitution on the crystalline structure and the critical behavior of 
In this paper, we investigate the effects of Ni-substitutions on the critical exponents in Nd0.6Sr0.4Mn1-xNixO3 (0.00 ≤ x ≤ 0.20) polycrystalline samples near its FM-PM phase transition.
The corresponding critical exponents are determined from the modified Arrott plots [9] and are confirmed by Kouvel-Fisher method [10] . The obtained critical exponents revealed that the unsubstituted sample Nd0.6Sr0.4MnO3 is consistent with 3D-Heisenberg like behavior. Upon Nisubstitution, the critical exponents exhibit a mean field like behavior. The obtained critical exponent (β, γ, and δ) have been used to generate the universal scaling behavior of the isothermal magnetization near the transition temperature.
EXPERIMENTAL DETAILS
The polycrystalline Nd0.6Sr0.4Mn1-xNixO3 (0 ≤ x ≤ 0.2) were prepared using a standard solidstate reaction. Stoichiometric ratios of high purity (4N) oxides (Nd2O3, SrCO3, MnO2, and NiO) were used to prepare the samples. The oxides were mixed and grinded for about 30 minutes. The resulting powder was calcinated in the air for 24 hours at 1000 o C. The samples were re-grinded, pressed and re-annealed at 1000 o C and 1300 o C for 10 hours. The last step was repeated one more time and the samples were furnace cooled to room temperature. Powder x-ray diffraction patterns were obtained using Bruker XRD (Phaser D2 2 nd -G) with Cu Kα (λ=1.54056 Å). The crystalline structure was analyzed in the range 20-80 o using Rietveld refinements available in FULLPROF software. VESTA and Diamond software [14] [15] were used to determine the atomic distances and angles between Mn ion and the nearest oxygen ions neighbors. The analyses included the refined crystal parameters, the secondary phases, and the cationic distributions in the lattice [16] .
A homemade ac-susceptometer was fitted inside a Janis closed cycle refrigerator (model SHI-4T). The susceptometer was used to monitor the variation of the susceptibility with temperature in the temperature range (4 to 325K). LABVIEW software is used to control the lock-in-amplifier (SR850) and the Lake Shore 336 temperature controller. The Magnetization measurements were performed using a 9-Tesla PAR-Lakeshore (Model 4500/150A) vibrating sample magnetometer (VSM).
RESULTS AND ANALYSIS

X-ray Diffraction analysis (XRD)
A representative of the XRD patterns for Nd0.6Sr0.4Mn1-xNixO3 for x = 0.00 and x = 0.05
along with Rietveld refinement [17, 18] are shown in Fig.1 . [19] [20] . Moreover, Mansour et al used high temperature annealing (1200~1300 o C) to prepare Nd0.6Sr0.4MnO3, they obtained almost pure orthorhombic phase with traces of the cubic phase [13] .
We performed the refined lattice parameters, unit cell volume, and reliability (R) factors for both phases. The results are listed in Table 1 and in figures 2. We report specifically the Rf-factor and the Bragg RB-factor; these factors are referring to the crystallographic agreement and the reflected intensities agreement consecutively. The values of these factors (Table 1) indicate a very good agreement between the XRD patterns and the reflected intensities generated by the space groups.
b, and c), and the unit cell volume (V) with increasing Ni concentration. The reduction in the lattice parameters is consistence with the smaller ionic radius of Ni as compared to Mn ionic radius [21] [22] . Upon Ni-substitution at the Mn site, the (200) peak (inset to figure 1) [23] . This is further supported by the slight decrease in the saturated magnetization of sample with higher Ni-concentration -see figure 7 . Fig. 4 . The Wyckoff positions of ions in the orthorhombic structure are also given (see Table 3 ). Table 4 . There is no major structural deformation on the MnO6 octahedron upon Ni concentration, the quadratic elongation values are very close to 1 (1.006 ± 0.003), and the calculated distortion index are very small (~0.010 ± 0.005), which indicates that the calculated structure is in good agreement with the structure of the material. The octahedron volume is decreasing with increasing Ni concentration, consistent with the smaller Niionic radius compared with Mn-ionic radius, further supporting that Ni is substituting Mn 4b site. 
Pnma (62) -orthorhombic
Atom
AC-susceptibility
The ac-susceptibility for all samples are measured at 887Hz and the amplitude of the field Hac= 0.1Oe. The normalized real part of the susceptibility is presented in Fig. 5a and its derivative in there is a very small (less than 0.10 K) shift in the peak temperatures over the frequency range (100-5000 Hz) [7] .
In 
The Modified Arrott plot (MAP)
The conventional method to determine the critical exponents and transition temperature involves the use of Arrott plots or the modified Arrott plots along with Kouvel-Fischer plots [9, 10] . In the Arrott plot; the analysis is based on the mean field theory expansion of the free energy.
The magnetization isotherms are presented as 2 . / . At relatively high fields (few kOe), the analysis leads to a set of parallel straight lines near TC. At Tc, the magnetic isotherm passes through the origin. Deviations from linearity may persists at the high-field regions, hence reflecting deviations for the mean-field model. Banerjee suggested that the presence of curvature may indication of a second-order phase transition [25] .
To accommodate these deviations, one may resort to critical behavior analysis using the modified Arrott-plot (MAP) techniques. This is based on Arrott-Noakes equation of state that holds well in the asymptotic critical region [9] .
Here, T1 and M1 are constants;  and  are the critical exponents of the phase transition.
The critical behavior of phase transition has been extensively studied using various theoretical models for the magnetic spin configurations. The commonly used models are: 3D-Heisenberg The modified Arrott analysis is greatly improved using Kouvel-Fisher plots in order to obtain reliable experimental values of the critical exponents.
The magnetization isotherms for all prepared samples are measured in the temperature range 4-300K and in an applied magnetic field 0-5 Tesla. A representative of these measurements is shown in Fig. 7 for temperatures 100K to just above Tc for each sample. The figures revealed a reduction in the saturated magnetization Ms with increasing Ni concentration. Moreover, the high field susceptibility, as obtained from the slope of the magnetization at high fields (~4Tesla) is increasing with increasing Ni contents. This also indicates that samples with high Ni-contents needs higher applied magnetic field to reach saturation. This also indicates strengthening of the antiferromagnetic interaction with increasing Ni-contents. Based on these curves (Fig. 8 ), all models render quasi-straight lines and nearly parallel at high field (~3Tesal). The slope of these lines relative to the slope at Tc (RS) is used to determine which model closely represents the magnetic state at hand. The variations of RS values -for the various models-with temperature are presented in figure 9 . The most adequate model should be the one with RS curve close to RS=1 [28] . Therefore, one can infer from Fig. 9 that the 3D-Heisenberg model is the nearest to the horizontal line at RS = 1 for Nd 0.6 Sr 0.4 MnO 3 sample (x = 0.00), while for x = 0.05, the sample behaves like mean field model (Fig. 9 ). 260K  264K  266K  268K  270K  272K  274K  276K  278K  280K  282K  284K To estimate the experimental values of the critical exponents we used the high field (~4Tesla) magnetic isotherms to obtain the spontaneous magnetization ( ) and the initial susceptibility 0 −1 ( ) . The 3D-Heisenberg critical exponents for x=0.00 and the mean field critical exponents for the Ni-substituted samples x ≥ 0.05 samples have been used in the modified Arrott (MAP) plot representation. The variations of ( ) and 0 −1 ( ) are presented in Fig. 10 (a and b) for x=0.00 and 0.05 respectively. Table 4 . The experimental value of the critical isotherm exponents δ for the Ni-free sample was obtained using the "critical" magnetic isotherm at Tc. The results (x=0.00) are presented in figure 11 as ln(M) vs ln(H) as shown in figure 11 . The value for the Ni substituted sample have been obtained using similar procedure. The results are given in Table 4 , which clearly reveals that values are lower than the Ni-free sample. 
The Kouvel-Fisher Plot
Kouvel-Fisher (KF) suggested a more precise method to determine the critical exponents [10] .
The method is based on linearizing the two main order parameters; Ms and 0 −1 near Tc using the following relations [10] :
The slopes are: 1/ and1/ , respectively. The KF-plot is illustrated in Fig.12 Table 4 along with the calculate values [29] . 
Scaling Analysis
Near the critical region the magnetic equation of state can be written as:
where + is the state function above Tc (T >Tc) and − is the state function below Tc (T < Tc), define ε both are polynomial functions [16] . The renormalized magnetization is defined as ≡ | | − ( , ), and renormalized field as ℎ ≡ | | −( + ) . This means, Eq. 4 can be rewritten as
For the correct values of the critical exponents, , and ; Eq. 5 will generate two distinct curves in /| | vs. /| | ( + ) representation: one curve for T above TC and another below TC [28] . Both curves approach each other asymptotically at T=Tc. This is an important criterion for critical regime. The scaled data is represented in Fig.13 a and b for x=0.0 and 0.05 respectively. All data at various temperatures fall on two distinct curves;
one above and the other below . Both curves merge at T=Tc. These findings confirm that the obtained values of the critical exponents and critical temperatures are reliable and consistent with the scaling hypothesis. 
CONCLUSION
The XRD patterns of Nd0.6Sr0.4Mn1-xNixO3 with 0.00 ≤ x ≤ 0.2 revealed that the major phase in all samples is in the orthorhombic structure with space group Pnma. The lattice parameters and the unit cell volume are found to decrease linearly with increasing Ni concentration. Moreover, the angle O2-Mn-O2 decreases monotonically with increasing Ni concentration. The critical properties of these perovskite manganites have been studied using the dc magnetization near Tc, using the modified Arrott plot, Kouvel-Fisher method, critical isotherm and scaling analysis. The critical exponents for x = 0.00 sample closely follow a 3D Heisenberg model, while the Ni-substituted samples tend to be mean field like model.
The experimental results showed a second-order phase transition. The obtained critical exponents are found to produce a universal scaling of the magnetization data that falls into two distinct curves
